Several different pathologies, including many neurodegenerative disorders, affect the energy metabolism of the brain. Glutamate, a neurotransmitter in the brain, can be used as a biomarker to monitor these metabolic processes. One method that is capable of quantifying glutamate concentration reliably in several regions of the brain is TE-averaged 1 H spectroscopic imaging. However, this type of method requires the acquisition of multiple TE lines, resulting in long scan durations. The goal of this experiment was to use non-uniform sampling, compressed sensing reconstruction and an echo planar readout gradient to reduce the scan time by a factor of eight to acquire TE-averaged spectra in three spatial dimensions. Simulation of glutamate and glutamine showed that the 2.2-2.4 ppm spectral region contained 95% glutamate signal using the TE-averaged method. Peak integration of this spectral range and home-developed, prior-knowledge-based fitting were used for quantitation. Gray matter brain phantom measurements were acquired on a Siemens 3 T Trio scanner. Non-uniform sampling was applied retrospectively to these phantom measurements and quantitative results of glutamate with respect to creatine 3.0 (Glu/Cr) ratios showed a coefficient of variance of 16% for peak integration and 9% for peak fitting using eight-fold acceleration. In vivo scans of the human brain were acquired as well and five different brain regions were quantified using the prior-knowledge-based algorithm. Glu/Cr ratios from these regions agreed with previously reported results in the literature. The method described here, called accelerated TE-averaged echo planar spectroscopic imaging (TEA-EPSI), is a significant methodological advancement and may be a useful tool for categorizing glutamate changes in pathologies where affected brain regions are not known a priori.
INTRODUCTION
It is well known that several pathologies cause metabolic changes in the human brain. In some instances, these abnormalities are detected before any anatomical changes occur and can therefore be used as markers for detection. An effective method for studying metabolic differences in vivo is 1 H magnetic resonance spectroscopy (MRS). In particular, spectroscopic imaging (SI) acquires spectra from several spatial locations in a single scan (1) , allowing for comparisons between different regions of the brain. Glutamate (Glu), a neurotransmitter, plays an important role in brain processes and is also known to be a marker of interest for several neurodegenerative diseases (2, 3) . One of the main concerns in neurodegenerative conditions is glutamate excitotoxicity, which results from a dysfunctional energy metabolism in the brain. This type of process causes continuous stimulation of glutamate receptors, which eventually leads to nerve cell death (4) . These receptors have become interesting targets for different drugs and neuroprotective effects have been reported by blocking these receptors (5) . Quantifying glutamate provides useful insight into the energy metabolism of the brain and greatly aids in the investigation of different pathologies.
Due to severe spectral overlap with glutamine (Gln) and gamma-aminobutyric acid (GABA), quantitation of Glu is difficult using a typical one-dimensional (1D) spectroscopy sequence such as point-resolved spectroscopy (PRESS) (6) . One method that overcomes this problem is TE-averaged point-resolved spectroscopy (PRESS-2D J) (7) . This method uses the data acquired by a two-dimensional (2D) J-resolved spectroscopy (JPRESS) (8) experiment, where several different TEs are acquired in order to exploit the J modulation of different metabolites. JPRESS spreads these signals over a second spectral dimension, whereas PRESS-2D J averages these signals. Due to the phase evolution along the indirect dimension (t 1 ), averaging these spectra can result in either constructive or destructive addition of metabolites. This leads to the enhancement of certain metabolite signals and the suppression of others, which can be viewed through simulation of the spectra. Therefore, depending on the TEs that are chosen and averaged, certain metabolites that are usually difficult to detect can be highlighted and quantified (9) (10) (11) . This technique has already been used in vivo to study the Human Immunodeficiency Virus (12), Alzheimer's disease (13) , multiple sclerosis (14) , age differences in the brain (15) and familial risk of depression (16) .
Unfortunately, one of the limitations of this technique combined with SI is the long acquisition time (17, 18) . Our group has recently developed the five-dimensional echo planar J-resolved spectroscopic imaging (5D EP-JRESI) technique (19) , which is capable of acquiring J-resolved spectra from three spatial dimensions (3D) in a clinically feasible scan time (20 minutes) . This method uses an echo planar readout to acquire a spatial and spectral dimension simultaneously (20, 21) . For further acceleration, a non-uniform sampling (NUS) scheme applied across the incremented dimensions (k y , k z , t 1 ) along with compressed sensing (CS) reconstruction (22) is also implemented. Applying NUS along the incremented dimensions is a method that has been used in high-resolution NMR along the indirect spectral dimensions to accelerate scan time (23) (24) (25) (26) . The major difference between applications in highresolution NMR and the 5D EP-JRESI method is that instead of applying NUS along spectral dimensions only, the sampling mask is also applied in the k-space domains. A major goal of this work is to demonstrate that a new technique, called accelerated TE-averaged echo planar spectroscopic imaging (TEA-EPSI), is capable of obtaining PRESS-2D J spectra from three spatial dimensions reliably in a clinically feasible scan time. TEA-EPSI is applied to quantify Glu in phantom as well as in healthy human brain.
METHODS

Simulation
GAMMA simulated (27) JPRESS basis sets were created for Glu and Gln using the following parameters: TE min = 30 ms, ΔTE = 1 ms, t 1 points = 64, t 2 points = 256, direct spectral bandwidth (SBW) = 1190 Hz and assuming ideal RF pulses. ΔTE = 1 ms and t 1 points = 64 were chosen to mitigate signal loss due to T 2 decay when moving into in vivo studies. Since the Siemens 3 T Trio scanner was used for all phantom and in vivo acquisitions, the B 0 for simulation was set appropriately. A maximum echosampling scheme (28) , where only one t 1 increment was added between the two 180 ∘ pulses, was used. In post-processing, the second t 1 increment was added as a linear phase multiplication in the F 2 , t 1 domain (29) , resulting in an indirect spectral bandwidth of ±250 Hz. Since in vivo T 2 values are not well known in the literature for Glu and Gln, T 2 was assumed to be 90 ms for both metabolites. A point-resolved spectroscopy (PRESS) (6) spectrum was obtained by taking the first t 1 line and was compared with the TE-averaged (PRESS-2D J) spectrum, where all of the t 1 lines were averaged. Noise was simulated as 1-2% of the total Glu and Gln signal for each t 1 line. Gln concentration was simulated as one third of the Glu concentration to replicate in vivo conditions.
Sampling mask
A non-uniform sampling mask was applied in the incremented dimensions (k y , k z , t 1 ). The pulse sequence diagram for the 5D EP-JRESI displayed in Figure 1 shows the non-uniformly sampled dimensions using red arrows. The sampling mask used is based on the following exponential (23) probability density function:
where P(k y , k z , t 1 ) is the probability of sampling a point in the three-dimensional volume, k y = [À8, À7, À6, ... , 7], k z = [À4, À3, À2,..., 3] and t 1 = [0, 1, 2, ... , 63]. These values are chosen based on the resolution along the k y , k z and t 1 dimensions, which is 16, 8 and 64 . This type of mask puts an emphasis on sampling points with higher signals, meaning the central part of k-space and earlier t 1 points. The sampling mask used for the sequence can be seen in Figure 2 , where the sampled points are in copper. Figure 1 . The pulse diagram for the 5D EP-JRESI sequence is shown. Non-uniform sampling is applied in the t 1 dimension and the phase-encoding (k y ,k z ) dimensions indicated by the red arrows. An echo planar readout is used to acquire (k x ,t 2 ) for each increment simultaneously.
Phantom
12 measurements of a brain phantom with gray matter metabolite concentrations (30) were acquired on the Siemens 3 T Trio scanner using a fully sampled 5D EP-JRESI sequence. The parameters used for acquisition were the same as those used for simulation. The phantom measurement used a TR of 1200 ms, a field of view (FOV) of 16 × 16 × 12 cm 3 and a spatial resolution of 1 × 1 × 1.5 cm 3 . The masking scheme shown in Figure 2 was applied retrospectively for an acceleration factor of eight (8×) and was processed as described below to reconstruct the data. In order to make a fair time equivalent (Time Eq. TEA) comparison, equally spaced t 1 points from the fully sampled phantom data were averaged together. The eight t 1 points included in this average were t 1 = [1, 9, 17, 25, 33, 41, 49, 57] and these were averaged pointby-point for each spatial location. For quantitation, 20 voxels were used from the two central slices for each TE-averaged scan. The fully sampled TE-averaged group that averaged over all 64 t 1 points (Full TEA-EPSI), the time-equivalent TE-averaged group that averaged over eight t 1 points (Time Eq. TEA) and the accelerated TE-averaged group, which was undersampled and reconstructed and averaged over 64 t 1 points (8× TEA-EPSI), were assessed using both peak integration and prior-knowledgebased fitting.
In order to determine the effects of reconstruction on quantitation, a normalized root-mean-square error (RMSE) between the Full TEA-EPSI and the 8× TEA-EPSI was calculated. This RMSE used the metabolite concentrations from the prior-knowledge fitting of the 20 voxels from each phantom scan. The normalized RMSE was determined by the following equation:
where c full is the Full TEA-EPSI metabolite concentration and c 8x is the 8× TEA-EPSI metabolite concentration. This RMSE was normalized to the mean of the Full TEA-EPSI data (c ̅ ).
In vivo
Ten healthy adults (mean age = 25 years) were scanned on a Siements 3 T Trio with an 8-channel head receive coil using the same parameters described above. For in vivo scans, the FOV was set to 24 × 24 × 12 cm 3 .These scans were acquired using 8x NUS for a total acquisition time of about 20 minutes for the metabolite scan (with water suppression (31)) and about 3 minutes for the water reference scan. The water scan was Figure 2 . The 8× sampling mask used for the 5D EP-JRESI acquisition is displayed. The copper points are sampled, whereas the black points are not. The non-uniform sampling is applied in the incremented dimensions, so the mask is displayed for the (k y ,k z ,t 1 ) volume. acquired using the first t 1 point only with a single average. Processing was performed as described below to obtain the TEA-EPSI data, u(x, y, z, F TE ), where the F TE dimension contains the TEaveraged spectra in the frequency domain. Five locations (frontal white, mid-frontal gray, basal ganglia, parietal white and midparietal gray) were identified for each volunteer and quantified. The white matter voxels were chosen to the left of the gray matter voxels in the frontal and parietal regions. The basal ganglia region was chosen left of the ventricles.
Processing
The non-uniformly sampled 5D EP-JRESI data were extracted and reconstructed in MATLAB using the total variation (TV) method described in (19) . The 5D EP-JRESI sequence utilizes an exponential sampling scheme in the incremented dimensions (k y , k z , t 1 ), as described above, to accelerate the scan by a factor of eight (8x) or more. Before reconstruction, the second t 1 increment was added as described above. The following optimization problem is solved using a modified split Bregman (32) algorithm to reconstruct the data:
where u denotes the 5D reconstructed data u(x, y, z, F 2 , F 1 ), R the sampling mask, F the Fourier transform operator applied across (k y , k z , t 1 ), f the undersampled data f(x, k y , k z , F 2 , t 1 )and σ 2 an estimate of the noise variance. This reconstruction was performed on a coil-by-coil basis, so the final reconstructed data are u(x, y, z, c, F 2 , F 1 ), where c is the number of coils. Klose's correction was applied for eddy-current corrections (33) after reconstruction based on the water reference scan.
In order to combine the coils, each voxel in (x, y, z, c) had frequency-drift and phase corrections applied in F 2 , F 1 . These corrections were based on the GAMMA simulated basis set of the singlets (NAA, Cr and Ch) and were implemented as a nonlinear least-squares optimization problem similar to how the new Prior Knowledge Fitting (ProFit) algorithm implements pre-processing and peak fitting (34) . The lsqnonlin function in MATLAB was first used to acquire the correct frequency-drift and line-broadening corrections based on the known peak locations of the singlets. The frequency-drift corrections were applied to the experimental data and the line-broadening corrections were applied to the basis set. The lsqnonlin function was then used again to obtain the zero-order phase correction for the data. In both cases, the minimization of the sum of squares problem was similar:
where g(p) represents the experimental data as a function of different parameters: frequency drift, line broadening or phase values. B s is the partial basis function including only the singlets. Both matrices, B s and g(p), were truncated to the singlet regions. This method for coil combination took approximately 20 seconds for a single voxel using a 32 GB RAM computer with an Intel i7 core processor. Of course, the coil combination time depends greatly on the number of coil elements used for data acquisition.
The coils were summed so that the resulting data matrix, u(x, y, z, F 2 , F 1 ), could easily be brought into u(x, y, z, F 2 , t 1 ) through an inverse Fourier transformation along F 1 . Afterwards, the matrix was averaged over the t 1 dimension to obtain the TEA-EPSI data, u(x, y, z, F TE ), where F TE is the TE-averaged spectral dimension.
Quantitation
The phantom data were quantified using both peak integrals and an in-house MATLAB-based, prior-knowledge fitting program. In contrast, the in vivo data were quantified only using the prior-knowledge fitting algorithm. For peak integration, the following metabolites were quantified: N-acetylaspartate (NAA), Glu, creatine 3.0 (Cr), total choline (Ch) and myo-Inositol (mI). The peak integration ranges used for this method can be seen in Table 1 .
The coefficient of variance was determined along with the mean metabolite values and was calculated as
where std. is the standard deviation. For the phantom data, the CV and mean were calculated over all 12 phantom measurements (n = 240). For in vivo data, the CV and mean were calculated over each brain region for all 10 healthy volunteers (n = 10).
Several one-dimensional (1D) quantitation programs utilizing basis spectra already exist (35) (36) (37) (38) , however an alternative quantitation program was written to implement fitting easily into the existing MATLAB pipeline. The program fits the TE-averaged data in the frequency domain and is based on the linear least-squares optimization problem:
where B is the TE-averaged basis spectrum for each metabolite, w is the weighting for each metabolite and F is the acquired TE-averaged spectrum. By normalizing the weighting factors to Cr, it is possible to obtain metabolite ratios. The linear leastsquares optimization problem is solved using (39) :
where w ls is the optimized metabolite weighting factors. Prior to solving this optimization problem, a line-broadening factor based on the experimental line width of NAA is applied to the TE-averaged basis set. A total of 21 metabolites were included in the basis set, however only NAA, Glu, Ch and mI are reported with respect to Cr for phantom. The other metabolites included were alanine (Ala), ascorbic acid (Asc), aspartic acid (Asp), creatine 3.9 (Cr3.9), GABA, glucose (Glc), Gln, glycine (Gly), lactate (Lac), NAAG, phosphoethanolamine (Pe), scyllo-Inositol (Scy), taurine (Tau) and threonine (Thr). For in vivo, only NAA, Glu, and Ch with respect to Cr are reported. In general, the TE-averaged method is not a reliable technique to quantify lower concentration metabolites.
Normally, a quality control metric such as the Cramér-Rao lower bound (CRLB) (40) is determined for each metabolite. This metric is highly dependent on the noise level of the experimental data. It is still not well understood how a denoising algorithm such as TV affects the CRLB values and this is the reason it is not yet included in the algorithm. The fitting program, called Metabolite Assessment aNd Graphical Overlay (MANGO), is also capable of graphing the fit results. The residual in the fit results is calculated as the absolute difference between the fit and the actual data. MANGO takes approximately 2-3 seconds to fit a voxel on a 32 GB RAM computer with an i7 core processor, making it ideal for automated fitting for a large number of voxels.
Since MANGO is a new prior-knowledge fitting method, a Monte Carlo simulation was performed in order to determine the goodness of fit of this algorithm as noise levels varied. A TE-averaged spectrum was simulated using the following metabolite ratios with respect to Cr3.0: NAA = 1.274, Ch = 0.438, Glu = 1.561, Gln = 0.511, mI = 0.48 and low concentrations of several other metabolites. A total of 4000 different noise levels were used and noise was measured as the SNR between the NAA singlet (1.9-2.1 ppm) and a noisy region (5.66-5.86 ppm). An emphasis was placed on SNR values below 50, which comprised 95% of the 4000 noise levels. After noise was introduced, the spectra were quantified using MANGO and compared with the known metabolite ratios.
RESULTS
Simulation
The comparison between the simulated PRESS and TE-averaged spectra can be seen in Figure 3 .
Glu and Gln concentrations were set to expected physiological conditions, meaning Gln was weighted as one third of the Glu signal. It is clear that the overlap between the two metabolites appears much more severe in the PRESS spectrum. The peak integration range chosen, 2.2-2.4 ppm, contained 11% Gln in the PRESS simulated spectrum and 3% Gln in the TE-averaged spectrum. The amount of Gln signal in this area would be very difficult to differentiate from noise, which is 1-2% of the Glu signal in the simulation.
The Monte Carlo simulation results of Glu and NAA can be seen in Figure 4 .
The other major metabolites (Gln, Ch and mI) follow similar trends to the displayed results, where lower SNR spectra (SNR less than 10) have large CV values. Glu does not exceed a CV of 20% until the SNR is approximately 10, indicating that this is the SNR limit for accurate fitting results. NAA, which is further away from the noise floor, does not reach a CV of 20% until the SNR is about 5. In general, metabolites further from the noise floor (NAA and Ch) have a much lower limit than metabolites closer to the noise floor (Glu, Gln and mI). It is important to note that SNR values in vivo are typically much higher than the limit for Glu, even before reconstruction. Table 2 shows the results for the phantom quantitation. Scaling of the integrals of the singlets and multiplets was performed based on the number of protons in each peak integration range. Glu reproducibility is shown for both quantitation methods, where the CV is 16% for 8× acceleration using peak integration and 9% for 8× acceleration using MANGO fitting. Comparing the 8× TEA-EPSI results with a time-equivalent scan (Time Eq. TEA) shows that Glu CV values were lower for both peak integration and MANGO fitting using the 8× method. The normalized RMSE results can be seen in Table 3 . The table gives the RMSE for each phantom scan calculated from Equation [2] and shows that the NUS and reconstruction did not change quantitation results greatly. The only case where this was not true was for Phantom 3, where spectral quality may have impacted the comparison. Nonetheless, Phantom 3 was included in the overall quantitation results with minimal negative impact on the mean and CV values. Simulation of PRESS and TE-averaged glutamate (blue) and glutamine (red) spectra. Gln concentration was set to one third of the Glu concentration to mimic physiological conditions. The black box represents the area for peak integration used for quantitation, 2.2-2.4 ppm, where 95% of the total signal belongs to Glu. For the PRESS simulation, only 86% of the signal in this area belongs to Glu.
Phantom
In vivo
Reconstructed NAA and Glu metabolite maps can be seen in Figure 5 alongside two axial slices from a 20 year old healthy volunteer. The axial slices chosen are representative of the two central slices from the PRESS localization box but do not detail the TEA-EPSI slices entirely, due to the difference in slice thickness for each acquisition (MRI = 1.5 mm and TEA-EPSI =1.5 cm). The metabolite maps were created using peak integration values instead of MANGO fit values. Fitting is inaccurate for lower Table 2 . Mean metabolite ratios, as well as coefficients of variance as a percentage with respect to Cr, for both fully sampled and retrospectively undersampled phantom scans. Quantitation of a time-equivalent scan using only eight t 1 lines, Time Eq. TEA, is also shown. A total of 20 voxels were used from multiple slices from each scan (12 scans total), resulting in n = 240. All peak integrals were scaled to account for proton number.
NAA/Cr
Glu/Cr Ch/Cr mI/Cr quality regions (ventricles) and projecting all of the MANGO values led to low quality maps. The peak integral maps were originally 16 × 16 resolution, however zero-filling was applied to increase resolution for display purposes. After zero-filling, the maps were truncated to the PRESS localization box, since no other signal was present, and finally were displayed next to the MRI slices. Blue represents a lack of signal intensity and red represents high signal intensity. In Figure 5A , the gray matter shows increased Glu signal and a lack of signal where the ventricles are located. This is an expected result, since the ventricles contain mostly water and have minimal metabolite signal. Figure 6 displays the 1D TE-averaged spectra from two central slices in the same healthy volunteer shown in Figure 5 . The red (C) shows the superior slice, as seen from the sagittal MRI in Figure 6A and the coronal MRI in Figure 6B , and the green (D) shows the inferior slice. Once again, spectral quality is much lower in the regions containing the ventricles, as well as in some anterior voxels. Some chemical shift displacement artifacts are also noticeable along the edges. However there are many high-quality voxels present, especially in the parietal and occipital regions. Figure 7 shows an example of MANGO fitting. Overall, the signal of the residual was low and of the same order of magnitude as the noise in most cases. However, residuals were noticeably higher in the mI region when water suppression was not optimal, which greatly increased the variation in mI for several locations. Therefore, only NAA/Cr, Glu/Cr and Ch/Cr ratios are shown in Figure 8 .
The CV values did not exceed 31% for any of the reported locations and metabolites. The highest CV (31%) was for Glu/Cr in the basal ganglia location, which is a difficult region to quantify in general because of its proximity to the cerebrospinal fluid (CSF) in the ventricles.
DISCUSSION
The TEA-EPSI technique is shown to be a useful method to measure glutamate concentrations throughout the brain by quantifying PRESS-2D J (TE-averaged) spectra. In terms of coverage, the original TE-averaged SI sequence (17) was only capable of obtaining a single slice within the same acquisition time. From a signal perspective, a previously shown 3D TE-averaged SI Figure 5 . Metabolite maps (NAA and Glu) from a healthy volunteer (age = 20 years) are shown from the two representative slices displayed in A and B. Blue represents low signal intensity and red represents high signal intensity on the NAA and Glu maps. The metabolite maps were originally 16 × 16 but are scaled up for display purposes. The blue circles in the middle of the metabolite maps display the ventricles, which have a lack of metabolite signal. Table 3 . The root-mean-square errors using MANGO fitting for each metabolite. 20 voxels were used from each phantom scan to determine the RMSE of the 8× TEA-EPSI fit results with the fully sampled TE-averaged fit results. sequence (18) acquires only six t 1 points with two averages, which would yield a much lower theoretical SNR than TEA-EPSI. From the comparison between the 8× and time-equivalent phantom results, it is apparent that using NUS with reconstruction yields more consistent values of Glu. A proper SNR comparison was not performed due to the denoising effects of the reconstruction algorithm, which would inflate SNR values of the 8× results artificially. In contrast to the previous TE-averaged methods, TEA-EPSI does not eliminate Gln signal completely, which may be due to the fact that different TE values are used for acquisition. TEA-EPSI instead utilizes TE-averaging to collapse the multiplets into singlets, which are adequately spaced apart as seen from the simulation in Figure 3 . Due to the collapse of the multiplets, TE averaging has inherent line broadening. In order to ensure that the residual Gln signal did not affect Glu quantitation, Gln was removed from the basis set for an in vivo case and no changes were seen in the fit results. The T 2 chosen in the simulation for Glu and Gln played a role in the amplitude of the resulting TE-averaged spectrum. Using a different T 2 value for the simulation (180 ms) yielded different peak amplitudes, but similar peak locations and relative peak ratios (not shown). Therefore, it is not expected that T 2 values played a large role in the fitting process for Glu and Gln. However, this may be an issue when investigating different pathologies where the T 2 values of Glu or Gln are drastically altered.
With the current scan parameters, the voxel sizes were relatively large, allowing for more signal acquisition. However, the large voxel size of 1.5 × 1.5 × 1.5 cm 3 made it difficult to classify a voxel as purely white or gray matter. By using the spatial location of the voxel, it was possible to determine whether a voxel was a majority of one or the other. Absolute metabolite concentrations were not obtained, but the relationship between Glu in white and gray matter voxels is similar to that previously reported (41, 42, 17) . Table 4 displays the mean values of the Glu/Cr ratios for the TEA-EPSI results, as well as the ratios from two other sources (41, 17) . Since the raw numbers for all of the studies are not available, no standard deviation or CV values are displayed. By looking at these ratios, it is clear that the TEA-EPSI findings are similar to the findings from these two studies. Furthermore, comparing the ratios from TEA-EPSI with those in a recent review article that compiled glutamate quantitation results from several MRS studies shows good agreement with literature values (43) .
The advantage of using MANGO over other, more complex fitting algorithms is that it is easily implemented after the post-processing steps in MATLAB. Without any user input, the program is able to quantify several voxels in a relatively short amount of time. Admittedly, because of the simplicity of the algorithm, it does not fit smaller metabolites as well as other existing packages (35) (36) (37) (38) 44) have reported. This inability to fit smaller peaks may also be attributed to the fact that TE averaging destroys many smaller metabolite signals through phase averaging. Metabolites with lower T 2 values may also be suppressed, since longer TE lines are incorporated into the averaging process. Even though MANGO quantitation of TEA-EPSI data does not appear useful for smaller metabolites, it is clear from the Monte Carlo simulation, phantom and in vivo results that MANGO is a good alternative for quantifying only NAA, Cr, Ch and Glu. Quantitation of mI was greatly influenced by the degree of water suppression and was difficult to measure reliably in vivo even with peak integration. The fitting technique of MANGO was good for demonstrating the reliability of glutamate detection using TEA-EPSI, however superior fitting algorithms exist for differentiating between control and patient groups, such as LCModel (35) . It may be more appropriate to use these other, established algorithms for quantitation in pathological conditions, because these are more widely used and are already available in the literature for comparison purposes.
Fitting was greatly improved by utilizing prior knowledge for corrections before coil combination. Having F 2 , F 1 frequency drift and phase corrections applied automatically based on the simulated singlet peaks (NAA, Cr and Ch) before coil addition ensured that peaks were added constructively. This was helpful, so that when the t 1 points were averaged only a line-broadening factor would have to be applied to the basis set in order to use MANGO for fitting. It is worth noting that if the number of coil elements is large, then this type of coil combination method could add a TE averaging is useful for detecting other metabolites as well (9-11). The TEA-EPSI technique can easily be modified to suit different purposes, with the caveat that ΔTE is constant and that the indirect spectral bandwidth is not too small. The reconstruction depends on the sparsity of the spectra in the transform domain (F 2 , F 1 ) and a larger indirect spectral bandwidth helps to ensure that the spectra are more sparse. Implementing a different masking scheme to account for the total number of t 1 lines is necessary when modifying the sequence, but the reconstruction and post-processing steps would remain unchanged. Therefore, TEA-EPSI could be useful to quantify glycine (Gly) (9) and N-acetyl-aspartyl-glutamate (NAAG) (11) with minor adjustments. Alternatively, not all t 1 lines have to be included in the averaging process. Identifying the combination of t 1 lines from a certain TE range highlighting a metabolite of interest is possible (10). TEA-EPSI can be used to acquire this TE range and then only the optimal t 1 lines can be included in the averaging. This could be desirable when seeking to acquire multiple different TE-averaged spectra.
There are several improvements that can be made to the pulse sequence and some of these issues have been discussed previously (19) . The spectral resolution in the direct dimension is currently suboptimal and only the major metabolites (NAA, Glx, Cr, Ch and mI) can be resolved easily. Since there is still a significant amount of signal at t = 256, zero-filling more than twice to improve resolution introduces ringing artifacts. This can affect fit results using packages such as LCModel, so sampling with 512 or more points will help resolve this issue. One of the main issues that is unfortunately common is lipid contamination, which occurs exclusively in voxels that are very close to the skull marrow. One solution is to use an inversion recovery pulse for lipid suppression (45) . Another solution is to incorporate adiabatic pulses for volume localization (46, 47) to help mitigate signal leakage from the skull marrow, as well as reduce CSDE. Although, due to the longer pulses an increased TE min would have to be used, resulting in signal loss from T 2 decay. Another issue that needs to be addressed is inadequate water suppression in certain voxels. The seven-pulse water suppresion scheme (VAPOR) (48) has been shown to be very useful for this purpose and using these pulses may lead to more accurate quantitation of mI in vivo.
Quantitative comparisons between 1D PRESS and PRESS-2D J (49), as well as 2D JPRESS and PRESS-2D J (50), have already been performed. In addition, comparison between short TE MRSI and fully sampled TE-averaged MRSI (51,52) has also been discussed in the literature. These studies have shown that, while short TE STEAM or PRESS do not eliminate Gln signal, they still constitute a reliable method for Glu quantitation and may even be superior to the TE-averaged method. For the type of 3D spatial acquisition presented here, the TEA-EPSI technique would be able to average 64 t 1 lines, whereas a fully encoded, short TE MRSI scan would be able to average about 10 lines in 20 minutes. However, this does not mean that TEA-EPSI will outperform a short TE MRSI acquisition and a thorough comparison between the two methods using equal acquisition durations is necessary to determine which technique is better in assessing different patient groups. Prior-knowledge fitting (ProFit) (34, 53 ) is a JPRESS quantitation algorithm capable of reporting metabolite concentrations reliably. ProFit uses the CRLB as a quality control metric and is capable of fitting the 2D JPRESS spectra from the 5D EP-JRESI technique. Understanding how CRLBs are affected by CS reconstruction is important before a quantitative comparison between the 5D EP-JRESI and TEA-EPSI methods can be made. A comparison between the two techniques is necessary in order to determine which method is preferable for investigating metabolites of interest. It may be possible to use these two methods in conjunction to understand certain pathologies better and this will be explored in a future study.
CONCLUSION
Accelerated TE-averaged echo planar spectroscopic imaging (TEA-EPSI) is a novel method incorporating non-uniform sampling and compressed sensing reconstruction in order to acquire TE-averaged spectra from three spatial dimensions (3D). Glutamate can be quantified using MANGO for prior-knowledgebased fitting. Differences between the white and gray matter voxels are in agreement with previous reports for healthy volunteers. Table 4 . A comparison between Glu/Cr quantitation in white matter and gray matter using TEA-EPSI and two other references. All of the white and gray matter locations in (41) were averaged to show the mean Glu/Cr values, whereas (17) 
